Previous studies have shown that the risk of intracranial hemorrhage (ICH) associated with the treatment of ischemic stroke is mainly attributable to antithrombotic agents. On the basis of clinical trials, only tissue-type plasminogen activator (t-PA) has been approved for treating acute ischemic strokes, but delayed treatment with t-PA is associated with the risk of cerebral hemorrhagic transformation of ischemic stroke. t-PA converts plasminogen to plasmin, which participates primarily in clot lysis via fibrin degradation and, to some extent, in tissue remodeling via degradation of various extracellular matrix proteins, either directly or via activation of matrix metalloproteinases (MMPs). MMPs mediate the pathogenesis of ischemic-stroke-associated ICH by causing the disruption of vasculature. In particular, the binding of t-PA with one of its receptors leads to the activation of low-density lipoprotein receptor-related protein (LRP), which in turn results in the release of MMP-3 by endothelial cells. LRP production is reported to be upregulated in endothelial cells exposed to ischemia, and elevated LRP levels have been implicated in the increased ICH risk associated with delayed t-PA treatment. This implies that the t-PA / LRP / MMP-3 pathway may be a suitable target for developing strategies to improve the therapeutic efficacy of t-PA in acute ischemic stroke.
Introduction
Previous studies have reported that the risk of intracranial hemorrhage (ICH) associated with the treatment of ischemic stroke is mainly attributable to antithrombotic agents. Among these drugs, antiplatelet agents such as aspirin, ticlopidin, and clopitdogrel have been reported to cause ICH in 0.3% -0.4% of patients treated with these drugs (1) ; furthermore, the rate of ICH in subjects treated by the oral anticoagulant warfarin has been reported to be 1.2 per 100 patient-years (2) . Although primary prevention trials conducted on patients with a history of ischemic stroke have shown that oral anticoagulant therapy reduces the risk of subsequent strokes by 60% -70% (3), 23 .3% of the patients administered heparin as early anticoagulant treatment have been reported to develop symptomatic cerebral hemorrhages (4, 5) . A previous study reported that compared to aspirin, dalteparin, low-molecular-weight heparin was not superior in its beneficial effects but caused more severe hemorrhages (6) . The effects of cilostazol, an antiplatelet drug that inhibits cyclic adenosine monophosphate (AMP) phosphodiesterase, on the recurrence of cerebral infarction have been evaluated in the Cilostazol Stroke Prevention (CPSP) -2 study (7) . The results of this study showed that the rate of cerebral hemorrhage and subarachnoid hemorrhage was 0.34% among patients treated with cilostazol (100 mg twice daily), which was less than that among patients treated with aspirin (0.96%, 81 mg every day).
Thrombolytic therapy by urokinase (u-PA) in patients with cerebral infarction was first attempted in the 1970's (8) . u-PA promotes the prompt and sustained increase of plasma thrombolytic activity, with relatively minor disturbance of the blood coagulation system. However, several patients treated with this therapy developed hemorrhagic complications and the therapeutic effects of this therapy were not favorable. The Prolyse in Acute Cerebral Thromboembolism (PROACT) II trial revealed that intra-arterial treatment with pro-uPA plus heparin within 6 h after stroke onset caused by middle cerebral artery (MCA) occlusion significantly improved the clinical outcome at 90 days, despite an increase in the rate of early symptomatic ICH (9) . In the PROACT II trial, ICH with neurological deterioration within 24 h of the onset of stroke occurred in 10% of the patients treated with pro-uPA and in 2% of the patients treated only with heparin. The Middle Cerebral Artery Embolism Local Fibrinolytic Intervention Trial (MELT) Japan was conducted to determine the safety and clinical efficacy of administering an intra-arterial infusion of u-PA within 6 h of the onset of stroke (10) . The rate of ICH occurring within 24 h of the onset of stroke was 9% among u-PA-treated patients, including one patient with hematoma caused by guide-wire perforation, whereas it was 2% in patients not treated with intra-arterial infusion of u-PA. The Independent Monitoring Committee recommended that MELT Japan be discontinued after intravenous infusion of recombinant tissue-type plasminogen activator (t-PA) was approved in Japan (10) . The trial was aborted prematurely, and the primary end point did not reach statistical significance.
Intravenous administration of t-PA within 3 h of the onset of stroke has been approved for treatment for acute ischemic stroke. However, this therapy is associated with increased risk of potentially life-threatening symptomatic ICH. Robust data on the rate of ICH among patients treated with intravenously administered t-PA has been collected from several large randomized trials (11) and observational stroke registries (12) . These data indicate that the risk of symptomatic ICH in patients treated with intravenously administered thrombolytic agents ranges between 2% and 8%. In the European Cooperative Acute Stroke Study III (ECASS III) (13), t-PA was administered 3.0 -4.5 h after the onset of stroke; the results of this study showed that t-PA treatment in this manner afforded significantly better outcomes in the primary endpoint than placebo administration as well as treatment within the 3 h window period, without any difference in the mortality rates between the treatment groups. Furthermore, there was no significant difference in the risk of symptomatic ICH among patients administered t-PA within the 0 -3 h window period and that among patients administered t-PA during the 3.0 -4.5 window period; however, the rate of ICH among the former was lower than that among the latter. This finding implies that therapeutic time window extends to 4.5 h after stroke onset.
Thus, clinical trials have shown that only t-PA is useful for the treatment of acute ischemic stroke. In this review, we focus on the mechanisms that explain the association between delayed t-PA treatment and the hemorrhagic transformation of ischemic stroke.
t-PA induces rebleeding by binding to the hemostatic plug
t-PA acts as a thrombolytic agent by degrading fibrin clots through the activation of plasminogen to plasmin (14) . One of the reasons for the development of ICH after t-PA treatment is overdose. t-PA significantly prolongs the bleeding time and the duration of excessive rebleeding after the termination of t-PA infusion (15) . t-PA treatment has also been associated with a tendency for bleeding persisting after the termination of t-PA infusion; this is believed to be caused by the binding of t-PA to the hemostatic plug. However, when administered in the effective dose, t-PA did not alter the activated partial thromboplastin time (aPTT), which shows that it does not affect the coagulation system.
Reperfusion injury by t-PA treatment
The other possible cause of ICH is reperfusion injury, which induces the release of free radicals. It is believed that free radicals could be involved in ICH associated with t-PA treatment. In clinical trials, disodium 2,4-disulfophenyl-N-tert-butyl nitrone (NXY-059, a freeradical-trapping agent) showed promise as a neuroprotectant in the Stroke-Acute Ischemic NXY Treatment I (SAINT I) trial (16) , reducing disability when given to patients who had acute ischemic stroke. Although the hypothesis that NXY-059 would reduce t-PA-related ICH was evaluated in SAINT II trial, it was similar between the patients showing the presence and those showing the absence of NXY-059 (4.6% and 5.3%, respectively) (17) . However, edaravone, a radical scavenger, has been approved in Japan for use as a neuroprotectant in the treatment of acute ischemic stroke since 2001.
According to a postmarketing surveillance of t-PA for stroke in Japan, the rate of occurrence of cerebral hemorrhage among patients treated with a combination of t-PA and edaravone could be lower than that among patients treated with t-PA only. The clinical trail of this combination therapy is currently underway in Japan, and the latest findings indicate that free radical formation is involved in the increased risk of ICH associated with this treatment.
t-PA / plasmin / MMP pathway
Another possible mechanism underlying the occurrence of hemorrhage due to t-PA treatment is the activation of matrix metalloproteinases (MMPs). Plasmin activates MMPs, a family of zinc endopeptidases, and thereby contributes to tissue remodeling through the degradation of extracellular matrix proteins (18) . In the pathogenesis of ICH associated with ischemic stroke, MMPs play a key role in degrading the barrier of blood vessels (19, 20) . We investigated the incidence of ICH induced by t-PA treatment in mouse models of thrombotic ischemic stroke with genetic deficiencies of plasminogen (Plg , and MMP-9 +/+ ) (21). The incidence of t-PA-induced ICH was significantly lower in the Plg −/− and MMP-3 −/− mice than in the corresponding WT mice, but this difference was not observed in the case of the MMP-9 −/− mice. A previous report indicated that MMP-9 expression is increased in endothelial cells (ECs) of the ischemic brain tissue after stroke (22) , while our study reported that t-PA treatment does not alter either the amount or the distribution of MMP-9 in the brain (21) . These findings suggest that MMP-9 may mediate the pathogenesis of ICH associated with ischemic stroke itself, rather than that induced by t-PA treatment. Thus, considering that the increase in the risk of ICH was not observed in MMP-3 −/− mice and that a broad-spectrum MMP inhibitor suppressed the increase in WT mice but not in MMP-3 −/− mice (21), it can be inferred that the increase in the risk of ICH by t-PA treatment may be attributable to MMP-3 induction. Since MMP-3 has broad substrate specificity for extracellular proteins (23) , it plays a key role in tissue remodeling. Considering the abovementioned points, it is possible that MMP-3 induction by t-PA results in the acceleration of the cellular response upon remodeling.
t-PA induces MMP-3 through the LRP / NF-κB pathway in endothelial cells
MMP-3 expression was significantly enhanced in the ischemic brain tissue of mice, irrespective of whether or not t-PA was administered. However, the distribution of ischemia-induced MMP-3 in brain tissue varied with the type of affected cells; MMP-3 was induced in neurons but not in the ECs in the placebo-treated group, while it was significantly upregulated in the ECs in the t-PA treatment group (21) . Furthermore, MMP-3 is induced by t-PA in bEnd.3 cells, a mouse-derived cerebral endothelial cell line, under ischemic stress in vitro (24) .
Recent studies have indicated that t-PA also acts through plasmin(ogen)-independent mechanisms, including low-density lipoprotein receptor-related protein (LRP) activation under various physiological and pathophysiological conditions (22, 25) . LRP, a member of the lipoprotein receptor family, is a scavenger receptor that binds to a variety of biological ligands and is thought to be involved primarily in lipoprotein metabolism (26) and clearance of protease-inhibitor complexes in the adult brain (27) and, to some extent, in intracellular signal transduction (28) . Furthermore, the coupling of the LRP and NF-κB pathways has been observed in macrophages and ECs (29, 30) . In addition, the MMP-3 induction associated with NF-κB activation has been widely observed in pathological conditions such as rheumatoid arthritis (31) , although no canonical NF-κB sites were identified in the promoter sequence of MMP-3 (32). bEnd.3 cell experiments showed that MMP-3 expression was also induced by t-PA treatment and that it was suppressed either by the inhibition of LRP with receptor-associated protein (RAP), a general antagonist of members of the LDL receptor family; treatment with an anti-LRP antibody; or by inhibition of the NF-κB pathway. These findings suggested that the induction of MMP-3 expression by t-PA also occurs via the LRP/NF-κB pathway in ECs (24) . However, it has to be conceded that this pathway may also be induced by other pathways or proteins. Furthermore, pretreatment with RAP suppressed t-PAinduced MMP-3 expression at the border of the ischemiaaffected ECs in mice treated with t-PA (24), indicating that t-PA also induces MMP-3 via LRP in vivo.
Effect of ischemia on LRP expression in endothelial cells
When exposed to 6 h of ischemic stress, bEnd.3 cells exhibited enhanced LRP production, both in terms of mRNA and protein levels. In addition, LRP expression in the ischemia-affected hemisphere was significantly upregulated at both 6 and 24 h of MCA occlusion in a mouse model of ischemic stroke, and this expression was mainly localized to globular CD31-positive ECs; no LRP expression was found in the unaffected hemisphere, similar to native mice. These in vitro and in vivo studies indicate that ischemic stress upregulates LRP expression in ECs several hours after the onset of ischemia. Since LRP functions as a receptor for t-PA, the sensitivity of endothelial cells to t-PA will be increased under ischemic conditions. This hypothesis is consistent with the clinical or experimental findings showing that the risk of ICH after stroke is not increased by early but by delayed treatment with t-PA (11, 15) , even if t-PA is administered systemically. LRP upregulation was also observed in neurons under ischemic stress (33) . Therefore, increased LRP expression in the ischemic hemisphere may be attributable to increased LPR expression not only in ECs but also neurons surrounding the damaged area.
Therapeutic perspectives
The widespread use of t-PA for acute ischemic stroke is hampered by 2 reasons: t-PA has proven therapeutically effective in only a narrow time window and it is associated with a high incidence of ICH, which worsens the clinical outcome (11, 13) . To explore the role of LRP in the t-PA-associated increase in the risk of ICH, the effect of RAP was studied in a mouse model of ischemic stroke (24) . Pretreatment with RAP led to a decrease in the risk of t-PA-induced ICH, indicating that the induction of MMP-3 in ECs by t-PA via LRP may be associated with the risk of t-PA-induced ICH. In human ECs, t-PA also induced MMP-9 expression through its action on LRP (22) . Clinically, suppression of both ICH induced by t-PA and that associated with ischemic stress itself would be beneficial. The increased risk of ICH caused by t-PA treatment was found to be impaired in mice with deficiency of the stromelysin-1 (MMP-3) gene, and treatment with some broad-spectrum MMP inhibitors was shown to reduce the risk of t-PA-induced ICH in rodent models (19 -21) . Although human clinical trials on the amelioration of MMP-mediated brain damage have been unsuccessful because of low specificity and high toxicity of the tested therapeutic agents (34), highly selective MMP-3/MMP-9 inhibitors may be beneficial in this respect. The reduction of both the risk of ICH and t-PAinduced MMPs expression by RAP treatment suggests that t-PA-induced ICH can be suppressed by LRP inhibition. The increase in the risk of ICH and MMP-3 expression by t-PA treatment is mediated by the proteolytic activity of t-PA (21, 24) , suggesting that receptor binding alone is not sufficient to trigger these effects. This finding is consistent with our previous findings indicating that plasminogen is essential for t-PA-mediated increase in the risk of ICH increase, thereby suggesting that plasmin generation is essential for t-PA to exert these effects (21, 24) .
Conclusions
The risk of ICH associated with treatments in ischemic stroke is mainly attributable to antithrombotic agents. The widespread use of thrombolytic agents for the treatment of acute ischemic stroke is avoided because of its association with increased incidence of ICH, which worsens the patients' outcome. Although t-PA improves the outcome of ischemic stroke by promoting recanalization of the occluded brain vessels, it increases the risk of ICH when administered later than 3 h after the onset of ischemia. t-PA-induced ICH occurs via stimulation of MMP-3 expression in ECs, and this effect is mediated by the LRP / NF-κB pathway. Since only a small percentage of individuals affected by ischemic stroke reach the hospital in time to be considered for t-PA treatment, that is, within the 3-h therapeutic window from the onset of symptoms, strategies to increase the window period of the therapeutic effectiveness of t-PA would reduce the risk associated with this therapy and prove to be beneficial for patients with acute ischemic stroke. Induction of MMP-3 via the LRP / NF-κB pathway can be targeted to improve the therapeutic efficacy of t-PA for acute ischemic stroke.
